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Abstract : Spontaneously Running Tokushima Shikoku (SPORTS) rat is a hyperactive rat strain. However, the 
causative mutation of this phenotype has not yet been identified. To investigate the molecular basis for the 
unique phenotype of SPORTS rats, we examined gene-expression profiles by microarray analyses. Among ade-
nylate kinase isozymes that maintain the homeostasis of cellular adenine nucleotide composition in the cell, only 
adenylate kinase 1 is highly up-regulated in both exercised and sedentary SPORTS rats compared with wild-type 
(WT) rats, 5.5-fold and 3.3-fold, respectively. Further comparative analyses revealed that genes involved in glu-
cose metabolism were up-regulated in skeletal muscle tissue of exercised SPORTS rats compared with sedentary 
mutants, whereas genes related to extracellular matrix or region were down-regulated compared with WT rats. 
In brain tissue of sedentary SPORTS rats, genes associated with defense and catecholamine metabolism were 
highly expressed compared with WT rats. These findings suggest that genetic mutation(s) in SPORTS rat remod-
els metabolic demands through differentially regulating gene expression regardless of exercise. Therefore, the 
SPORTS rats are useful animal model not only for further examining the effects of exercise on metabolism but 
also for deeply studying the molecular basis how mutation affect the psychological motivation with spontaneous 
voluntary exercise phenotype. J. Med. Invest. 67 : 51-61, February, 2020
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INTRODUCTION
 
Daily exercise is known to have positive effects on maintaining 
physical and mental health, including the prevention of metabol-
ic syndrome (1) and locomotive syndrome (2). It is also known to 
improve mental health (3), cardiopulmonary function (4), and 
immune function (5). To understand the molecular mechanism 
of these effects of exercise, several genomic and transcriptomic 
approaches through human and mouse model studies have been 
attempted (1-5). However, the precise mechanistic role of exercise 
in human health has not been fully established because of the 
complexity of genomic and epigenomic regulation (6).
We previously reported a novel voluntary exercise rat strain, 
the Spontaneously Running Tokushima Shikoku (SPORTS) rat 
(7). The SPORTS rat was spontaneously isolated as a hyperac-
tive mutant of Wistar rats and established as an inbred line. 
They have various features, such as lighter weight, lower body 
fat, and lower serum insulin level than wild type rats. In par-
ticular, male SPORTS rats show hyper running activity. They 
run six times longer than WT rats, whereas female SPORTS 
rats do not run for such long distances compared to males. In fe-
males, running distance depends on the estrus cycle. Only male 
offspring display excessive running activity, suggesting that the 
hyperactive phenotype is genetically and hormonally controlled. 
After 4 weeks of running, body weight and abdominal fat were 
lower in male SPORTS rats than in WT rats. Serum insulin 
levels were also decreased in male SPORTS rats (7), suggesting 
an improved state of glucose and lipid metabolism because of ex-
ercise. However, the SPORTS rat strain has a tendency to form 
left atrial thrombosis (8), the reasons for which are currently 
unknown.
Extracellular norepinephrine (NE) levels in the hippocam-
pus of SPORTS rats with or without exercise using running 
wheels were higher than those of WT rats, suggesting that high 
concentration of NE in the hippocampus is caused by genetic 
background, but not by simple running exercise (9). One possible 
reason for high NE levels was the lower activity of monoamine 
oxidase A (MAOA), which degrades NE in the hippocampus, as 
evidenced by the fact that the protein expression level of MAOA 
in SPORTS rats was 40% lower than that in WT rats, and that 
its activity was significantly lower at 4 weeks (9). In addition, we 
found the following three notable characteristics of the SPORTS 
rat strain. First, injection of adiponectin into the lateral ventri-
cle of SPORTS rats decreased home cage activity (10). Second, 
plasma levels of des-acyl ghrelin were lower in SPORTS rats 
than in WT rats, and injection of ghrelin inhibitor into WT rats 
promoted voluntary activity. Third, when ghrelin was intraperi-
toneally injected into SPORTS rats, running wheel activity was 
decreased (11). These results suggested that signals secreted 
from tissues such as fat tissue and stomach may regulate volun-
tary exercise. 
In this study, to understand the mechanistic link between 
genetic change(s) and phenotypes of the SPORTS rat strain, we 
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analyzed gene-expression profiles among hyperactive SPORTS 
rats, sedentary SPORTS rats, and control WT rats. We found 
several unique characteristics of gene expression in the skeletal 





SPORTS rats were housed in individual cages with or without 
running wheels, at constant room temperature (23°C ± 1°C) 
with a 12-h light-dark cycle, and were fed ad libitum. Exercised 
SPORTS rats were kept in an environment capable of continu-
ously free accessing the wheel running from the time of 4 weeks 
of age until being subjected to dissection (15-week-old). Rats 
were anesthetized with diethyl ether, then euthanized by cervi-
cal dislocation to isolate tissues for western blotting and microar-
ray analyses. Male Wistar rats (15-week-old) were purchased 
from Japan SLC Co. (Shizuoka, Japan) and used as controls. 
All procedures were conducted according to the guidelines for 
the care and use of laboratory animals of Tokushima University 
Graduate School (Certification No. 13070). 
Western blotting
Tissues (cerebrum, cerebellum, heart, liver, kidney, red mus-
cle, and white muscle) were excised from 15-week-old male 
SPORTS and WT rats (three individuals each), homogenized 
with a Physcotron homogenizer (Microtec Co., Ltd., Chiba, 
Japan) in extraction buffer (62.5 mM Tris–HCl, pH 6.8 ; 2% 
SDS), and sonicated with a Sonifier 250 (Branson Ultrasonics, 
Danbury, CT, USA). After centrifugation, supernatants were 
collected as samples for Western blotting analyses. Western 
blotting and immune detection were performed following the 
standard method using 10 or 20 µg proteins for C2C12 or tissue 
samples, respectively. Anti-adenylate kinase-specific antibodies 
used were developed in our laboratory (12, 13), and anti-GAP-
DH antibody was purchased from Cell Signaling Technology 
(Danvers, MA, USA). Obtained signal was quantified using an 
imaging system, ChemiDoc XRS (Bio-Rad, Hercules, CA, USA) 
and a software (Image Lab ; Bio-Rad). Data were analyzed by 
one-way ANOVA followed by Tukey’s multiple comparison test.
Microarray 
Hindlimb skeletal muscle and brain tissue (cerebrum) were 
excised from SPORTS rats, sedentary SPORTS rats, and WT 
rats (male, 15-week-old), respectively. Total RNA was isolated 
from these tissues and purified using RNeasy Mini Kit columns 
(Qiagen, Valencia, CA, USA) according to the manufacturer’s 
instructions. After confirming the quality and quantity of pre-
pared RNA, microarray analyses were performed using a Whole 
Rat Genome Oligo DNA Array (4 × 44K, Agilent) for skeletal 
muscle tissue and SurePrint G3 (8 × 60K, Agilent) for brain 
tissue.
Data obtained from skeletal muscle tissue were normalized 
and analyzed with GeneSpring software (v. 13.0, Agilent Tech-
nologies, Santa Clara, CA, USA). The percentile target was set 
to 75 and the baseline was adjusted to median to all samples. 
Data for brain tissue were normalized using the global scaling 
method (Takara Bio Inc., Shiga, Japan). The trimmed mean 
probe intensity was determined by removing 2% of the lower and 
higher ends of the probe intensities for calculating the scaling 
factor. Normalized signal intensities were then calculated from 
the target intensity on each array using the scaling factor such 
that the trimmed mean target intensity of each array was arbi-
trarily set to 2500.
For microarray analysis of skeletal muscle tissue, we used 
one rat from each rat type. To confirm the microarray results, 
the expression levels of several selected genes were validated 
by RT-PCR (data not shown). For microarray analysis of brain 
tissues, we used three rats from each rat type, and the average 
signal strength of each gene was used for comparison of seden-
tary SPORTS rats with WT rats. The microarray data have been 
deposited in the NCBI Gene Expression Omnibus (GEO) and are 
accessible through GEO series accession numbers GSE87762 for 
brain tissue and GSE88853 for skeletal muscle tissue.
Enrichment analyses of microarray data were performed 
using DAVID 6.7 (The Database for Annotation, Visualization 
and Integrated Discovery ; http://david.ncifcrf.gov) (14, 15). For 
enrichment analyses of up-regulated genes of muscle, the gene 
probes whose expression levels were > 2 fold higher in the sample 
than in the comparison control were selected. Then the probes 
flagged “Compromised” either in the sample or in the compari-
son control or both were eliminated from the list, and the probes 
flagged “Not detected” in the sample were also omitted. The rest 
of gene probes were used for enrichment analyses with DAVID. 
In the case of analyses of down-regulated genes, probes for anal-
yses were selected similarly. The gene probes whose expression 
levels were < 2 fold lower in the sample than in the comparison 
control were selected. Then the probes flagged “Compromised” 
and “Not detected” were eliminated. For enrichment analyses 
of up-regulated genes of brain, the gene probes whose average 
expression levels were > 2 fold higher in the sample than in 
the comparison control were selected. Then the probes flagged 
unreliable in two of three samples were eliminated. The rest of 
gene probes were used for enrichment analyses with DAVID. In 
the case of analyses of down-regulated genes, the probes whose 
average expression levels were < 2 fold lower were selected sim-
ilarly. Pathway analyses were performed using KEGG (http://
www.genome.jp/kegg/) and WikiPathways (http://wikipathways.
org/index.php/WikiPathways) information. Investigation of 
transcription factors was performed using a Genomatix genome 
analyzer (Genomatix Software GmbH, Munich, Germany).
RESULTS
Expression of adenylate kinase isozymes
Because SPORTS rats exhibit excessive running activity, we 
first assessed the change in gene expression related to energy 
metabolism. Adenylate kinase (AK) isozymes, which catalyze 
a reversible high-energy phosphoryl transfer reaction between 
adenine nucleotides, are the key enzymes of energy homeostasis 
(16). Thus, we examined the protein expression levels of AK iso-
zymes in various tissues (cerebrum, cerebellum, heart, liver, kid-
ney, red skeletal muscle, and white skeletal muscle) of exercised 
SPORTS rats, sedentary SPORTS rats, and WT rats by Western 
blotting (Fig. 1A). AK1 expression was detected in all examined 
tissues except the liver, and the expression level was significant-
ly higher in skeletal muscle and brain tissue of SPORTS rats 
than in WT rats regardless of exercise (Fig. 1A, 1B). High AK2 
expression was detected in the heart, liver, kidney, and AK3 
expression was observed strongly in the heart, liver, and kidney, 
but weakly in brain and skeletal muscle tissue. Expression of 
AK4 was detected in all tissues examined except skeletal muscle 
tissue (Fig. 1A). There were no gross differences in AK2, AK3, 
and AK4 expression levels between SPORTS rats and WT rats, 
consistent with previous reports (Fig. 1B) (13, 17,18).
Enrichment analyses of microarray data of skeletal muscle
To further analyze genome-wide gene expression in SPORTS 
rats, we performed microarray analysis using RNA isolated from 
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skeletal muscle tissue of three groups, categorized into exercised 
SPORTS rat, sedentary SPORTS rat, and WT Wistar rat.
Overall, 1,687 probes were up-regulated > 2 fold and 2,302 
probes were down-regulated < 0.5 fold in exercised SPORTS 
rats compared to sedentary SPORTS rats. On the other hand, 
754 probes were up-regulated > 2 fold and 391 probes were 
down-regulated < 0.5 fold in sedentary SPORTS rats compared 
to WT rats. Ak1 expression levels in both exercised and sedentary 
SPORTS rats were higher than that in WT rats, whereas the 
Ak2, Ak3, and Ak4 expression levels were almost similar between 
SPORTS rats and WT rats (Table 1). These results are consis-
tent with Western blot results for the AK isozymes.
Then, we performed GO analysis by DAVID algorithm (14, 
15). Compared to sedentary SPORTS rat, exercised SPORTS 
rat showed 224 up-regulated clusters overall, and the top 10 
clusters with the highest enrichment scores ; this shows the over-
representation of gene-based association in biological processes 
(Table 2A). Among them, muscle contraction-related and glucose 
metabolism-related genes were top-ranked. DAVID analysis of 
the down-regulated genes in exercised SPORTS rats showed 
that extracellular matrix-related and defense response-related genes 
were highly enriched compared to sedentary SPORTS rat (Table 
2B). Furthermore, comparative analyses between sedentary 
SPORTS rats and WT rats revealed that extracellular region-re-
lated genes were positioned at the top of the enrichment score 
and that immune response-related genes were positioned second 
among up-regulated genes, as shown in Table 3A. The clusters 
Fig 1.　Western blot analysis of adenylate kinase isozymes
(A) Protein expressions of adenylate kinase isozymes (AK1, AK2, 
AK3, and AK4) in various tissues (cerebrum, cerebellum, heart, liver, 
kidney, red skeletal muscle, and white skeletal muscle) were exam-
ined by Western blot analysis using each isozyme-specific antibodies. 
Twenty micrograms of protein was applied to each lane. (B) Protein 
samples from three rats each (one is the same as Fig.1A) of exercised 
SPORTS rats, sedentary SPORTS rats, and sedentary wild-type rats 
were analyzed by Western blotting. Se, exercised SPORTS rat; Ss, 
sedentary SPORTS rat; C, sedentary wild-type rat.
Fig 1A
Fig 1B
Table 1.　Comparison of the expression levels of Ak isozymes
Gene symbol
Muscle Brain
Ss vs. C Se vs. C Ss vs. C
Ak1 5.53 3.27 2.28
Ak2 1.29 0.72 1.12
Ak3 0.89 0.77 1.09
Ak4 0.97 0.75 1.12
The comparative expression levels of Ak isozymes of exercised 
SPORTS rat, sedentary SPORTS rats, and WT rats (muscle tis-
sue, n = 1 ; brain tissue, n = 3). Fold changes in each comparison 
are listed. Se, exercised SPORTS rat ; Ss, sedentary SPORTS 
rats ; C, control WT rats.
Table 2A.　Enrichment analyses of gene expression in skeletal mus-
cle: exercised SPORTS rat vs. sedentary SPORTS rat
Cluster Term Enrichment score
1 Contractile fiber 6.44
2 Muscle contraction 6.15
3 Glucose metabolic process 4.56
4 Muscle organ development 3.62
5 Basic leucine zipper 3.49
6 Response to hormone stimulus 3.41
7 Response to glucose stimulus 3.35
8 Calmodulin binding 2.80
9 Insoluble fraction 2.71
10 Glycogen metabolism 2.69
Table 2B.　Enrichment analyses of gene expression in skeletal mus-
cle: exercised SPORTS rat vs. sedentary SPORTS rat
Cluster Term Enrichment score
1 Extracellular region 14.91
2 Extracellular matrix 14.79
3 Polysaccharide binding 13.07
4 Actin binding 9.13
5 Defense response 8.63
6 Cell adhesion 7.75
7 Response to hormone stimulus 5.86
8 Immune response 5.64
9 Blood vessel development 5.38
10 Developmental growth 5.07
Gene expression levels in skeletal muscle tissue of exercised 
SPORTS rat and sedentary SPORTS rat were comparatively 
analyzed by Functional Annotation Tool of DAVID. (A) Anal-
yses of up-regulated genes (> 2-fold), and (B) down-regulated 
genes (< 2-fold) in exercised SPORTS rat compared to sedentary 
SPORTS rat. Obtained top 10 clusters, their representative terms 
of biological function, and enrichment scores are listed.
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of down-regulated genes generated by DAVID analysis were 
relatively classified among the low enrichment scores. However, 
cell adhesion, response to hormone stimulus, extracellular matrix cluster 
groups were listed among the highest enrichment scores (Table 
3B). These results suggest that gene expression in skeletal mus-
cle tissue is regulated by both genetic mutation and exercise. 
Pathway analysis of glycolysis-related genes
Because the enrichment score of the clusters related to glu-
cose metabolism was relatively high in exercised SPORTS rats 
compared to sedentary SPORTS rats, we next compared ex-
pression levels of all genes in glycolysis/gluconeogenesis path-
ways and plotted a pathway map (Table 4, Fig. 2). The result 
clearly demonstrated that many of glycolysis-related genes were 
up-regulated by exercise. In contrast, the expression of TCA 
cycle-related genes was maintained at a similar level between 
exercised SPORTS rats and sedentary SPORTS rats (Table 5). 
Up-regulation of pyruvate dehydrogenase kinase isozymes (Pdk2 
and Pdk4, Table 6), which are PDH inhibitors, is consistent with 
a preference for glycolysis.
Table 3A.　Enrichment analyses of genes in skeletal muscle: seden-
tary SPORTS rat vs. sedentary WT rat
Cluster Term Enrichment score
1 Extracellular region 4.86
2 Immune response 4.21
3 Extracellular matrix 3.49
4 Response to lipopolysaccharide 3.27
5 Polysaccharide binding 2.87
6 Chemokine activity 2.72
7 Scaveneger receptor activity 2.60
8 Peptidase activity 2.36
9 Reulation of inflammatory response 2.16
10 Antigen processing and presentation 2.00
Table 3B.　Enrichment analyses of genes in skeletal muscle: seden-
tary SPORTS rat vs. sedentary WT rat
Cluster Term Enrichment score
1 Cell adhesion 2.38
2 Responset to hormone stimulus 2.16
3 Extracellular matrix 2.07
4 Extracellular region 2.03
5 Muscle contraction 2.02
6 Ion channel activity 1.73
7 Oxygen transport 1.69
8 Carboxylic acid binding 1.60
9 ATPase activity 1.39
10 PAS 1.24
Gene expression levels in skeletal muscle tissue of sedentary 
SPORTS rat and sedentary WT rat were comparatively analyzed 
by Functional Annotation Tool of DAVID. (A) Analyses of up-reg-
ulated genes (> 2-fold), and (B) down-regulated genes (< 2-fold) in 
sedentary SPORTS rat compared to sedentary WT rat. Obtained 
top 10 clusters, their representative terms of biological function, 
and enrichment scores are listed.




Ss vs. C Se vs. C Ss vs. C
Hk1 1.11 0.75 0.98
Hk2 1.70 1.05 1.08
Gpi 0.80 4.72 0.92
Pfkm 0.80 4.87 1.00
Aldoa 0.75 4.09 0.90
Tpi1 0.84 2.87 0.98
Gapdh 0.98 2.32 0.98
Pgk1 0.89 2.66 1.02
Pgam2 0.92 3.10 0.72
Eno1 0.89 0.85 0.97
Pkm2 0.91 4.69 —†
Comparison of the expression levels of glycolysis-related genes in 
exercised SPORTS rat, sedentary SPORTS rats, and WT rats (mus-
cle tissue, n = 1 ; brain tissue, n = 3). Fold changes in each compar-
ison are listed. Se, exercised SPORTS rat ; Ss, sedentary SPORTS 
rats ; C, control WT rats. “†,” this gene did not appear in the list.




Ss vs. C Se vs. C Ss vs. C
Cs 1.04 0.91 0.93
Aco1 0.76 0.96 1.02
Idh1 0.39 0.67 0.85
Ogdh1 —† —† 0.94
Dlst 0.92 0.89 0.96
Suclg1 1.03 1.27 1.13
Sdha 0.92 1.00 1.05
Fh1 1.17 0.96 1.22
Mdh1 1.15 0.54 0.94
Comparison of the expression levels of TCA cycle-related genes in 
exercised SPORTS rat, sedentary SPORTS rat, and WT rat (muscle 
tissue, n = 1 ; brain tissue, n = 3). Fold changes in each comparison 
are listed. Se, exercised SPORTS rat ; Ss, sedentary SPORTS 
rats ; C, control WT rats. “†” indicates those cases in which the 
values of both samples were too small to compare.
Table 6.　Comparison of the expression levels of Pdk isozyme genes
Gene symbol
Muscle Brain
Ss vs. C Se vs. C Ss vs. C
Pdk1 1.18 0.26 0.92
Pdk2 1.06 1.34 1.03
Pdk3 —‡ —§ 0.90
Pdk4 0.53 4.71 —†
Comparison of the expression levels of Pdk isozyme genes in exer-
cised SPORTS rat, sedentary SPORTS rats, and WT rats (muscle 
tissue, n = 1 ; brain tissue, n = 3). Fold changes in each comparison 
are listed. Se, exercised SPORTS rat ; Ss, sedentary SPORTS 
rats ; C, control WT rats. “†” values of both Ss and C were too 
small to compare; “‡” value of C was too small to compare; and “§” 
value of Se was too small to compare.
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Fig 2.　Gene expression of glycolysis/gluconeogenesis-related genes
Comparison of gene expression in the glycolytic pathway between exercised SPORTS rat and sedentary SPORTS rat is depicted 
using KEGG pathway map. In exercised SPORTS rat, up-regulated genes are colored in red and down-regulated genes in blue.
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Analysis of Mct expression levels to investigate lactate dynamics
In addition to glycolytic genes, the expression of Ldha gene, 
which catalyzes lactate formation from pyruvate (Fig. 2), was 
up-regulated 4.86-fold by exercise. This finding implied excess 
lactate production in skeletal muscle tissue of exercised SPORTS 
rat and prompted us to analyze monocarboxylate transporter 
(MCT) isozyme expression. Among MCT isozymes, MCT4 medi-
ates lactate efflux, whereas MCT1 and MCT2 mediate its influx 
(19) (Fig. 3). Mct1 expression levels were not grossly changed 
between sedentary SPORTS rats and WT rats (1.19 fold), where-
as Mct1 expression in exercised SPORTS rats was strongly 
down-regulated compared to sedentary SPORTS rats (0.40 fold). 
Mct4 expression in sedentary SPORTS rat was slightly lower 
than that in WT rat (0.69 fold), whereas Mct4 expression in ex-
ercised SPORTS rat was remarkably up-regulated compared to 
sedentary SPORTS rats (10.55 fold). Although Hif1a is an import-
ant regulator of Mct4 gene expression (20), Hif1a expression in 
exercised SPORTS rats was not elevated compared to sedentary 
SPORTS rat (0.78 fold). These findings suggest the metabolic 
adaptation to the higher energy demand caused by exercise, but 
not genetic change(s) such as oncogenic changes through Hif1a 
up-regulation.
 
Enrichment analyses of microarray data of brain tissue
To gain insight into genetic background of SPORTS rats, 
we also performed microarray analysis using brain tissue of 
sedentary SPORTS rats and WT rats. Overall, 772 probes were 
up-regulated (> 2 fold) and 636 probes were down-regulated 
(< 0.5 fold) in sedentary SPORTS rats compared to WT rats. 
Cluster analysis of microarray data of brain showed no gross 
difference in the gene expression patterns between sedentary 
SPORTS rat and wild-type rat. Enrichment analysis of the 
up-regulated genes showed that the cluster groups extracellular 
region, defense response, sexual reproduction, and catecholamine me-
tabolism were highly enriched. The same analysis of down-reg-
ulated genes showed that the cluster groups hormone activity, 
response to ethanol, and extracellular region were obtained with rel-
ative high enrichment scores (Table 7A, 7B). These results sug-
gest that brain-specific gene expression in sedentary SPORTS 
rats was also affected by the genetic mutation.
 
Fig 3.　Gene expression of Mct isoform genes
(A) Relationships between MCTs and glucose metabolism are illus-
trated. (B) Mct1 and Mct4 expression levels were compared among 
three different types of each rat. Se, exercised SPORTS rat ; Ss, sed-
entary SPORTS rat ; C, sedentary wild-type rat.
Table 7A.　Enrichment analysis of genes in brain tissue: sedentary 
SPORTS rats vs. sedentary WT rats
Cluster Term Enrichment score
1 Extracellular region 5.00
2 Defense response 3.87
3 Sexual reproduction 3.23
4 Catecholamine metabolic process 2.79
5 Serotonin metabolic process 2.47
6 Polysaccharide binding 2.39
7 Extracellular matrix 2.30
8 Neuron maturation 1.99
9 Intrinsic to plasma membrane 1.92
10 Response to hormone stimulus 1.79
Table 7B.　Enrichment analysis of genes in brain tissue: sedentary 
SPORTS rats vs. sedentary WT rats
Cluster Term Enrichment score
1 Hormine activirt 4.83
2 Response to ethanol 3.86
3 Extracellular region 3.78
4 Neuropeptide signaling pathway 3.40
5 Muscle contraction 3.37
6 Response to hormone stimulus 2.56
7 Reproductive behavior 2.32
8 Circadian behavior 2.29
9 Intrinsic to membrane 2.00
10 Serotonin binding 1.98
Gene expression levels in brain tissue of sedentary SPORTS rats 
and sedentary WT rats were comparatively analyzed by Function-
al Annotation Tool of DAVID. (A) Analyses of up-regulated genes 
(> 2-fold), and (B) down-regulated genes (< 2-fold) in sedentary 
SPORTS rats compared to sedentary WT rats. Obtained top 10 
clusters, their representative terms of biological function, and en-
richment scores are listed.
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DISCUSSION
Because of its voluntary hyperactivity, we hypothesized that 
the SPORTS rat strain has specific properties related to ener-
getic and psychological metabolism. To investigate the causative 
mechanisms of voluntary activity and the metabolic properties, 
we performed comparative microarray analyses and subsequent 
in silico analyses of gene-expression profiles. The possible gen-
otype-phenotype linkage in SPORTS rats was summarized in 
Figure 5. Genetic mutation in SPORTS rat may regulate the mo-
tivation and the high-energy demand. The high energy demand 
may be supported by not only activation of glycolysis but also 
high turnover of adenine nucleotide cycle through AK1 up-regu-
lation, resulting in metabolic adaptation, in skeletal muscle and 
brain. We discuss as following.
Effects of exercise on gene expression
KEGG pathway analysis using microarray data revealed 
that the glycolytic pathway was enhanced in muscle of exercised 
SPORTS rat. This enhancement seems to be the effect of exer-
cise on energy metabolism, suggesting the energetic adaptation 
through the metabolic remodeling of muscle cells in response to 
exercise. 
Microarray data also showed that Ak1 expression was en-
hanced in skeletal muscle by exercise in SPORTS rats (Figure 
1A). In the glycolytic pathway, ATP or ADP is required for over-
coming three rate-limiting steps (Figure 2), and therefore cyto-
solic AK1 might promote their balance through interconversion. 
Previous Ak1 knockout study demonstrated the increased glyco-
lytic gene expression, suggesting a close relationship between 
AK1 and glycolysis (21). In the case of SPORTS rats, sedentary 
rat itself showed higher level of Ak1 expression and exercised rat 
exhibited further increased Ak1 expression. Therefore, there may 
be at least two independent regulatory mechanisms of Ak1 gene 
expression such as genetic mutation and adaptation. Moreover, 
among Ak isozyme genes, only Ak1 was up-regulated in SPORTS 
rats, indicating that Ak1 expression is controlled by high turn-
over of high energy phosphoryl transfer in cytoplasm but not in 
mitochondria like other Ak isozymes.
PDK4 is a repressor of pyruvate dehydrogenase (PDH) and is 
specifically expressed in heart and skeletal muscle tissues (22). 
It has been reported that the transcription of Pdk4 is increased 
during prolonged exercise under the control of Foxo1 (23). In 
agreement with previous reports, our microarray analysis also 
showed that Pdk4 was specifically up-regulated in skeletal mus-
cle tissue of exercised SPORTS rats (Table 6). PDH catalyzes 
acetyl CoA formation from pyruvate ; thus repression of Pdh im-
plies that metabolic flux from glycolysis to TCA cycle is blocked 
in skeletal muscle tissue of exercised SPORTS rats. On the other 
hand, expression of TCA cycle-related genes did not differ great-
ly between exercised SPORTS rat and sedentary SPORTS rat 
(Table 5). These results suggest that glycolysis is preferentially 
used to satisfy the energy demand of exercised SPORTS rats.
Among clusters listed in Table 2A (genes up-regulated with 
exercise), muscle contraction-related, muscle development-related, 
and glucose metabolism-related clusters showed higher enrich-
ment scores. These clusters contain many genes of fast-twitch 
fiber components, such as Myh1 (89.72-fold), Myh2 (10.20-fold), 
Myh4 (2330.69-fold), Myl1 (2.04-fold), Tnni2 (14.13-fold), and Tnnt3 
(24.82-fold) (Table 8). On the other hand, genes of slow-twitch 
fiber components, such as Myh7 (0.22-fold), Myl2 (0.06-fold), 
Myl3 (0.26-fold), Tnni1 (0.09-fold), and Tnnt1 (0.39-fold), were all 
down-regulated with exercise. From these results, slow-to-fast 
fiber type transition seems to be taken place in skeletal muscle 
tissue of exercised SPORTS rats. Of interest, the expression 
levels of these fast-twitch fiber genes in sedentary SPORTS rat 
were lower than in wild-type (WT) rat (Table 8). These find-
ings suggest that genetic mutations in SPORTS rats affect the 
transcriptional regulation of fast-twitch fiber genes, though we 
could not determine the responsible transcription factor(s) at 
this moment.
Fast-twitch fiber depends on glycolysis to meet its energy de-
mand (24). Thus, the up-regulation of fast-twitch fiber genes is 
consistent with the up-regulation of glycolytic genes in skeletal 
muscle tissue of exercised SPORTS rats. Because Ak1 is highly 
expressed in fast-twitch fiber (21), the up-regulation of fast-
twitch fiber genes is also paralleled with the Ak1 gene up-regula-
tion in skeletal muscle tissue of exercised SPORTS rats.
In addition, microarray analyses of SPORTS rats revealed 
that the expression levels of myokines such as Myostatin, Il4, 
Il5, Il6, Il7, and Bdnf were very low in all tested rats. Among the 
myokines, only Il15 was up-regulated (12.43-fold) in exercised 
SPORTS rats compared to sedentary SPORTS rat (Table 9). Il15 
was originally identified as a T-cell growth factor (25, 26), and 
is now known to be one of cytokines that is expressed in various 
cells and that exerts a pleiotropic function in various tissues (27). 




Ss vs. C Se vs. C Ss vs. C
Myh1 0.10 89.72 0.56
Myh2 0.05 10.20 0.89
Myh4 0.07 2330.69 —†
Myh7 0.95 0.22 0.54
Myl1 0.85 0.06 —†
Myl2 0.95 0.06 —†
Myl3 0.98 0.26 0.76
Tnni1 0.98 0.09 —†
Tnni2 0.10 14.13 1.62
Tnnt1 0.99 0.39 0.30
Tnnt3 0.09 24.82 —†
Comparison of the expression levels of skeletal muscle fiber-related 
genes in exercised SPORTS rat, sedentary SPORTS rats, and WT 
rats (muscle tissue, n = 1 ; brain tissue, n = 3). Fold changes in each 
comparison are listed. Se, exercised SPORTS rat ; Ss, sedentary 
SPORTS rats ; C, control WT rats. “†,” values of all samples were 
too small to compare.
Table 9.　Comparison of the expression levels of myokines
Gene symbol
Muscle Brain
Ss vs. C Se vs. C Ss vs. C
Il15 0.82 12.43 0.70
Bdnf —† —† 1.05
Ucp3 0.53 9.45 —†
Fndc5 1.11 0.22 1.08
Comparison of the expression levels of myokine genes in exercised 
SPORTS rat, sedentary SPORTS rats, and WT rats (muscle tis-
sue, n = 1 ; brain tissue, n = 3). Fold changes in each comparison 
are listed. Se, exercised SPORTS rat ; Ss, sedentary SPORTS 
rats ; C, control WT rats. “†”, values of all samples were too small 
to compare.
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Overexpression of Il15 in mice decreased their visceral fat weight, 
whereas Il15-knockout mice showed increased fat ; this suggests 
that Il15 regulates adipocyte metabolism (28). Furthermore, IL-
15-treated rats expressed uncoupling protein 3 (Ucp3) at higher 
levels and showed decreased lipid accumulation in adipose tissue 
compared to untreated controls (29). Ucp3 is a mitochondrial 
protein that regulates fatty acid export and/or mitochondrial 
proton conductance, and overexpression of Ucp3 leads to fat loss 
(30, 31). Ucp3 expression levels were higher (9.47-fold) in exer-
cised SPORTS rats than in sedentary SPORTS rats. Moreover, 
exercised SPORTS rats accumulate less fat compared to WT rats 
(7). Taken together, in SPORTS rats, physical exercise promotes 
Il15 expression, which may cause less fat accumulation through 
Ucp3 up-regulation.
Effects of genetic mutation on gene expression
The genetic architecture for voluntary exercise is considered 
to be complicated and many genes seemed to be involved in this 
trait (6). In the case of SPORTS rats, NE accumulation in the ex-
tracellular fluid of hippocampus may influence exercise behavior 
(10). NE is a catecholamine and functions as a neurotransmitter. 
NE levels are regulated by synthesis from tyrosine and degra-
dation via deamination by monoamine oxidases (MAO) and/
or methylation by catechol-O-methyltransferase (COMT) (32). 
Morishima et al. demonstrated that NE levels were increased in 
the extracellular region of the hippocampus of SPORTS rats and 
that MAOA protein levels and activity were lower than those 
in control rats. Both the expression level and activity of COMT 
were similar to those of WT. Furthermore, administration of 
clorgyline, a specific inhibitor of MAOA, into WT rats induced 
a hyperactive phenotype. These findings confirmed that MAOA 
inactivity causes hyperactivity in SPORTS rats (9).
In our microarray analysis data, genes related to NE synthe-
sis, such as tyrosine hydroxylase (Th, 1.44-fold) and dopa decarboxy-
lase (Ddc, 1.98-fold), were expressed at higher levels in sedentary 
SPORTS rats than in WT rats (Fig. 4, Table 10). These results 
Fig 4.　Catecholamine metabolic pathway
Gene expression of biogenic amine pathway in the brain tissue of sedentary SPORTS rats compared to that of WT rats and illustrat-
ed based on the biogenic amine pathway map of WikiPathway. Up-regulated genes in sedentary SPORTS rats compared to sedentary 
WT rats are colored in red and down-regulated genes in blue.
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are consistent with previous studies that demonstrated higher 
expression level of NE, in extracellular region of hippocampus, 
although Dopamine b-hydroxylase (Dbh) expression levels showed 
individual variations among SPORTS rats and MAOA expres-
sion levels were not different between SPORTS rats and WT 
rats.
Interestingly DAVID analysis of down-regulated genes in the 
comparison between sedentary SPORTS rats and sedentary WT 
rats showed that the cluster group hormone activity was ranked 
the highest (Table 7B) and that Dopamine receptor D1 (Drd1) and 
Pmch were included in this cluster.
Drd1 and Nescient helix–loop–helix 2 (Nhlh2) are candidate fac-
tors that regulate physical activity (32). Drd1 expression levels 
in the brain tissue of SPORTS rats were lower than those in WT 
rats, a result that was consistent with a previous report that 
showed higher Drd1 gene expression in active male mice than in 
low active mice (Table 11) (33). This report suggests that Drd1 
may influence the regulation of exercise activity in SPORTS 
rats. In our microarray data, Drd1 down-regulation was observed 
in the comparison between sedentary SPORTS rats and seden-
tary WT rats. Therefore, the difference in expression levels is 
not because of exercise but a genetic difference between them. 
However, signal intensities of Drd1 in sedentary SPORTS rats 
were quite low and difficult to confirm. Molecular details remain 
to be determined in the next study.
Zhou et al. reported that Pmch is related to voluntary exercise, 
showing that Pmch-knockout mice run long distances voluntarily 
(33). Moreover, Pmch-deficient rodents are lean, smaller, and 
have a low body fat mass (34). Pmch-deficient rats also show lower 
NE turnover (34). MCH, the degradation product of PMCH, 
is regarded as a mediator of energy homeostasis (34). Our mi-
croarray data showed Pmch down-regulation in the brain tissue 
of sedentary SPORTS rats (0.42-fold) compared to WT (Table 
11) and that the physiological phenotype of SPORTS rats was 
similar to that of the Pmch-knockout mice. These results imply 
that Pmch down-regulation might affect some parts of SPORTS 
rat phenotypes.
We analyzed genome-wide gene-expression profiles of brain 
and skeletal muscle tissue of SPORTS rats compared to WT 
rats. We could dissect the phenotypes into two mechanisms, 
namely genetic changes and metabolic adaptation, while the 
causative gene(s) of the SPORTS rat phenotypes remained to 
be determined. Further studies of the phenotype and genotype 
correlation as well as the epigenome of SPORTS rats will help 
to understand the molecular basis of the beneficial effects of the 
exercise on our human health and to improve our quality of life.




Ss vs. C Se vs. C Ss vs. C
Th 0.98 1.33 1.44
Ddc —§ —§ 1.98
Dbh —‡ —‡ 4.89
Pnmt 0.90 0.67 0.89
Maoa 1.08 1.58 1.12
Comt 3.56 0.78 1.92
Aanat —‡ —¶ 1.16
Asmt —‡ —‡ 1.37
Gad1 —‡ —‡ 0.91
Gad2 —† —† 0.97
Hdc 0.50 0.27 1.43
Chat —‡ —‡ 1.04
Ache 1.30 5.10 1.06
Comparison of the expression levels of genes related to the biogenic 
amine pathway in exercised SPORTS rat, sedentary SPORTS rats, 
and WT rats (muscle tissue, n = 1 ; brain tissue, n = 3). Fold changes 
in each comparison are listed. Se, exercised SPORTS rat ; Ss, seden-
tary SPORTS rats ; C, control WT rats. “†,” this gene did not appear 
in the list ; “‡,” values of all samples were too small to compare ; “§,” 
interpretation is difficult because the data varies greatly depends 
on the probes ; and “¶,” value of Ss was too small to compare.




Ss vs. C Se vs. C Ss vs. C
Pmch —† —† 0.42
Drd1 —† —† —#
Nhlh2 —‡ —§ —¶
Insig2 0.90 0.90 1.16
Socs2 0.92 1.41 0.83
Il15 0.82 12.43 0.70
Comparison of expression levels of voluntary exercise-related genes 
in exercised SPORTS rat, sedentary SPORTS rats, and WT rats 
(muscle tissue, n = 1 ; brain tissue, n = 3). Fold changes in each 
comparison are listed. Se, exercised SPORTS rat ; Ss, sedentary 
SPORTS rats ; C, control WT rats. “†,” values of all samples were 
too small to compare ; “‡,” value of C was too small to compare ; “§,” 
value of Se was too small to compare ; “¶,” interpretation is difficult 
because the data varies greatly depends on the probes ; and “#,” val-
ue of Ss was too small to compare.
60 T. Horiguchi, et al.  Metabolic remodeling of hyperactive rats
CONFLICT OF INTERESTS
The authors declare that they have no conflicts of interest.
ACKNOWLEDGEMENTS
Microarray analysis of skeletal muscle tissue was supported 
by Support Center for Advanced Medical Sciences, Institute of 
Biomedical Sciences, Tokushima University Graduate School.
 
AUTHOR CONTRIBUTIONS
T.H., Y.M., K.M., A.T., and H.H. performed the experi-
ments ; T.H., Y.M., K.M., A.T., H.H., H.S., and T.N. analyzed 
data and interpreted the results of experiments ; T.H. pre-
pared the figures ; T.N. ; T.H., H.S., and T.N. drafted the man-
uscript ; T.H., Y.M., K.M., A.T., H.H., H.S., and T.N. approved 
the final version of manuscript ; T.N. was responsible for the 
conception and design of the research.
FUNDS
This work was supported by Operating Support Funds from 
Tokushima University.
ETHICAL APPROVAL
All procedures performed in studies involving animals were 
in accordance with the ethical standards of the institution or 
practice at which the studies were conducted.
REFERENCES
1.  Kaur J : A comprehensive review on metabolic syndrome. 
Cardiol Res Pract 2014 : 943162, 2014
2.  Nakamura K : Locomotive syndrome : disability-free life 
expectancy and locomotive organ health in a “super-aged” 
society. J Orthop Sci 14 : 1–2, 2009
3.  Morgan AJ, Parker AG, Alvarez-Jiminezez M, Jorm 
AF : Exercise and Mental Health : An Exercise and Sports 
Science Australia Commissioned Review. J Exerc Physiol 
16 : 64–73, 2013
4.  Schneider CM, Hsieh CC, Sprod LK, Carter SD, Hayward 
R : Effects of supervised exercise training on cardiopulmo-
nary function and fatigue in breast cancer survivors during 
and after treatment. Cancer 110 : 918–925, 2007
5.  Gleeson M : Immune function in sport and exercise. J Appl 
Physiol 103 : 693–699, 2007
6.  Kelly SA, Pomp D : Genetic determinants of voluntary exer-
cise. Trends Genet 29 : 348–357, 2013
7.  Morishima-Yamato M, Hisaoka F, Shinomiya S, Harada 
Fig 5.　The effects of genetic mutation and exercise on the gene expression of SPORTS rats
Characteristic gene expressions and functional clusters in SPORTS rats are summarized. Functional clus-
ters of brain tissue are shown in double-line squares and those of skeletal muscle in single-line squares. The 
effects of genetic mutation(s) and exercise are indicated by white- and black-arrows, respectively. Possible ef-
fects of motivation and adenine nucleotide equilibrium are shown as dotted white arrows. Up- and down-reg-
ulations of gene expression are depicted by upward- and downward-arrows in each box.
61The Journal of Medical Investigation   Vol. 67  February  2020
N, Matoba H, Takahashi A, Nakaya Y : Cloning and estab-
lishment of a line of rats for high levels of voluntary wheel 
running. Life Sci 77 : 551–561, 2005
8.  Ohnishi T, Hisaoka F, Morishima M, Takahashi A, Harada 
N, Mawatari K, Arai H, Yoshioka E, Toda S, Izumi K, 
Nakaya Y : Establishment of a Model of Spontaneous-
ly-Running-Tokushima-Shikoku Rats with Left Atrial 
Thrombosis. J Toxicol Pathol 27 : 51–56, 2014
9.  Morishima M, Harada N, Hara S, Sano A, Seno H, Takahashi 
A, Morita Y, Nakaya Y : Monoamine oxidase A activity and 
norepinephrine level in hippocampus determine hyper-
wheel running in SPORTS rats. Neuropsychopharmacology 
31 : 2627–2638, 2006
10.  Miyatake Y, Shiuchi T, Ueta T, Taniguchi Y, Futami A, Sato 
F, Kitamura T, Tsutsumi R, Harada N, Nakaya Y, Sakaue 
H : Intracerebroventricular injection of adiponectin regu-
lates locomotor activity in rats. J Med Investig 62 : 199–203, 
2015
11.  Miyatake Y, Shiuchi T, Mawatari K, Toda S, Taniguchi Y, 
Futami A, Sato F, Kuroda M, Sebe M, Tsutsumi R, Harada 
N, Minokoshi Y, Kitamura T, Gotoh K, Ueno M, Nakaya Y, 
Sakaue H : Intracerebroventricular injection of ghrelin de-
creases wheel running activity in rats. Peptides 87 : 12–19, 
2017
12.  Green MR, Sambrook J : Molecular Cloning. 4th ed. Cold 
Spring Harbor Laboratory Press, New York, 2012
13.  Tanabe T, Yamada M, Noma T, Kajii T, Nakazawa A : Tis-
sue-specific and developmentally regulated expression of 
the genes encoding adenylate kinase isozymes. J Biochem 
113 : 200–207, 1993
14.  Huang DW, Sherman BT, Lempicki RA : Bioinformatics 
enrichment tools: paths toward the comprehensive function-
al analysis of large gene lists. Nucleic Acids Res 37 : 1–13, 
2009
15.  Huang DW, Sherman BT, Lempicki RA : Systematic and 
integrative analysis of large gene lists using DAVID bioin-
formatics resources. Nat Protoc 4 : 44–57, 2009
16.  Noma T : Dynamics of nucleotide metabolism as a supporter 
of life phenomena. J Med Invest 52 : 127–136, 2005
17.  Miyoshi K, Akazawa Y, Horiguchi T, Noma T : Localization 
of adenylate kinase 4 in mouse tissues. Acta Histochem 
Cytochem 42 : 55–64, 2009
18.  Noma T, Fujisawa K, Yamashiro Y, Shinohara M, Nakazawa 
A, Gondo T, Ishihara T, Yoshinobu K : Structure and ex-
pression of human mitochondrial adenylate kinase targeted 
to the mitochondrial matrix. Biochem J 358 : 225–232, 
2001
19.  Halestrap AP, Wilson MC : The monocarboxylate transport-
er family-Role and regulation. IUBMB Life 64 : 109–119, 
2012
20.  Ullah MS, Davies AJ, Halestrap AP : The plasma mem-
brane lactate transporter MCT4, but not MCT1, is up-regu-
lated by hypoxia through a HIF-1α-dependent mechanism. 
J Biol Chem 281 : 9030–9037, 2006
21.  Janssen E, de Groof A, Wijers M, Fransen J, Dzeja PP, Terzic 
A, Wieringa B : Adenylate Kinase 1 Deficiency Induces 
Molecular and Structural Adaptations to Support Muscle 
Energy Metabolism. J Biol Chem 278 : 12937–12945, 2003
22.  Bowker-Kinley MM, Davis WI, Wu P, Harris R a, Popov 
KM : Evidence for existence of tissue-specific regulation of 
the mammalian pyruvate dehydrogenase complex. Biochem 
J 329 : 191–196, 1998 
23. Pilegaard H, Neufer PD : Transcriptional regulation of 
pyruvate dehydrogenase kinase 4 in skeletal muscle during 
and after exercise. Proc Nutr Soc 63 : 221-226, 2004
24.  Peter JB, Barnard RJ, Edgerton VR, Gillespie CA, Stempel 
KE : Metabolic profiles of three fiber types of skeletal mus-
cle in guinea pigs and rabbits. Biochemistry 11 : 2627–2633, 
1972
25.  Burton JD, Bamford RN, Peters C, Grant AJ, Kurys G, 
Goldman CK, Brennan J, Roessler E, Waldmann TA : A 
lymphokine, provisionally designated interleukin T and 
produced by a human adult T-cell leukemia line, stimulates 
T-cell proliferation and the induction of lymphokine-acti-
vated killer cells. Proc Natl Acad Sci USA 91 : 4935–4939, 
1994
26.  Grabstein KH, Eisenman J, Shanebeck K, Rauch C, 
Srinivasan S, Fung V, Beers C, Richardson J, Schoenborn 
MA, Ahdieh M : Cloning of a T cell growth factor that in-
teracts with the beta chain of the interleukin-2 receptor. 
Science 264 : 965–968, 1994
27.  Budagian V, Bulanova E, Paus R, Bulfone-Paus S : IL-15/
IL-15 receptor biology: A guided tour through an expanding 
universe. Cytokine Growth Factor Rev 17 : 259–280, 2006
28.  Barra NG, Reid S, MacKenzie R, Werstuck G, Trigatti 
BL, Richards C, Holloway AC, Ashkar AA : Interleukin-15 
contributes to the regulation of murine adipose tissue and 
human adipocytes. Obesity 18 : 1601–1607, 2010
29.  Almendro V, Fuster G, Busquets SS, Ametller E, Figueras 
M, Argilés JM, López-Soriano FJ : Effects of IL-15 on Rat 
Brown Adipose Tissue : Uncoupling Proteins and PPARs. 
Obesity 16 : 285–289, 2008
30.  Bezaire V, Spriet LL, Campbell S, Sabet N, Gerrits M, 
Bonen A, Harper M-E : Constitutive UCP3 overexpression 
at physiological levels increases mouse skeletal muscle 
capacity for fatty acid transport and oxidation. FASEB J 
19 : 977–979, 2005
31.  Brand MD, Esteves TC : Physiological functions of the mito-
chondrial uncoupling proteins UCP2 and UCP3. Cell Metab 
2 : 85–93, 2005
32.  Sofuoglu M, Sewell RA : Norepinephrine and stimulant 
addiction. Addict Biol 14 : 119–129, 2009
33.  Zhou D, Shen Z, Strack AM, Marsh DJ, Shearman LP : En-
hanced running wheel activity of both Mch1r- and Pmch-de-
ficient mice. Regul Pept 124 : 53–63, 2005
34.  Mul JD, O’Duibhir E, Shrestha YB, Koppen A, Vargoviç 
P, Toonen PW, Zarebidaki E, Kvetnansky R, Kalkhoven 
E, Cuppen E, Bartness TJ : Pmch-deficiency in rats is as-
sociated with normal adipocyte differentiation and lower 
sympathetic adipose drive. PLoS One 8 : e60214, 2013
